Lipid droplets are specialized cellular organelles that contain neutral lipid metabolites and play dynamic roles in energy homeostasis. Perilipin 1 (Plin1), one of the major lipid dropletbinding proteins, is highly expressed in adipocytes. In mice, Plin1 deficiency impairs peripheral insulin sensitivity, accompanied with reduced fat mass. However, the mechanisms underlying insulin resistance in lean Plin1 knockout (Plin1 ؊/؊ ) mice are largely unknown. The current study demonstrates that Plin1 deficiency promotes inflammatory responses and lipolysis in adipose tissue, resulting in insulin resistance. M1-type adipose tissue macrophages (ATMs) were higher in Plin1 ؊/؊ than in Plin1 ؉/؉ mice on normal chow diet. Moreover, using lipidomics analysis, we discovered that Plin1 ؊/؊ adipocytes promoted secretion of pro-inflammatory lipid metabolites such as prostaglandins, which potentiated monocyte migration. In lean Plin1 ؊/؊ mice, insulin resistance was relieved by macrophage depletion with clodronate, implying that elevated pro-inflammatory ATMs might be attributable for insulin resistance under Plin1 deficiency. Together, these data suggest that Plin1 is required to restrain fat loss and pro-inflammatory responses in adipose tissue by reducing futile lipolysis to maintain metabolic homeostasis.
Chronic, low-grade inflammation is a major factor in the pathogenesis of insulin resistance (1, 2) . Macrophages play an important role in the modulation of inflammation through their capacity to secrete a variety of chemokines and cytokines. Monocyte-originated macrophages polarize to classically activated macrophages (M1) or alternatively activated macrophages (M2) in certain tissue niches and upon environmental stimuli (3) . In fact, alteration of adipose tissue macrophages (ATMs) 3 contributes to elevated adipose tissue inflammation in obesity (4, 5) . In obesity, macrophages are recruited into adipose tissue and show pro-inflammatory properties compared with resident ATMs (6) . Thus, M1-type macrophages, which secrete pro-inflammatory cytokines such as tumor necrosis factor (TNF) ␣, interleukin (IL)-6, and monocyte chemoattractant protein (MCP)-1, are the predominant ATM population in obese adipose tissue (4, 5, 7) . Adipose tissue inflammation is also observed in lipodystrophic and cachectic subjects, accompanied with fat loss (8 -12) . ATM infiltration has been reported in several lipodystrophic animal models and human patients (8 -10) . Moreover, cachexia is associated with elevated pro-inflammatory gene expression, macrophage infiltration, and fibrosis in adipose tissue of cancer patients (11, 12) .
Lipid dysregulation is closely related to various pathophysiologies, such as rheumatoid arthritis, multiple sclerosis, and obesity-induced insulin resistance (13, 14) . Although lipid metabolites have been considered as simple energy sources, recent findings have revealed that lipid metabolites can also act as signaling molecules for immune responses (15, 16) . In obesity, elevated fatty acids are a potential trigger for macrophage activation (17) . For instance, saturated fatty acids stimulate Toll-like receptor (TLR) 4 in ATMs, resulting in the activation of inflammatory signaling cascades mediated by NF-B (17) . Also, leukotriene B 4 promotes chemotactic activity of macrophages, which contribute to whole-body insulin resistance (18) .
Lipid droplets are metabolically dynamic cellular organelles specialized in storing free fatty acids (FFAs) and sterols in the form of triglycerides (TG) and cholesterol esters, respectively (19, 20) . This sequestration of lipid metabolites into lipid droplets contributes to relieve from toxic effects the excess FFAs or sterols that can lead to insulin resistance and inflammation (21, 22) . Perilipin 1 (Plin1), the most abundant lipid droplet coat protein in adipocytes, is required for optimal lipid homeostasis (23) . In the basal state, PLIN1 encloses lipid droplets and inhibits lipolysis in adipocytes (24) . On the contrary, catecholamine promotes lipolysis by inducing the translocation of hormonesensitive lipase (HSL) onto lipid droplets (25, 26) . Although PLIN1 binds to comparative gene identification-58 (CGI-58), a coactivator of adipose triglyceride lipase (ATGL) in the basal state, PLIN1 liberates CGI-58 to induce lipolysis upon protein kinase A activation during the stimulated state (27) . It has been reported that Plin1 Ϫ/Ϫ mice are lean and exhibit glucose intolerance and insulin resistance in the absence of any metabolic stress (24) . However, the molecular mechanisms of insulin resistance in normal chow diet (NCD)-fed lean Plin1 Ϫ/Ϫ mice have not been fully elucidated.
In this study, we investigated NCD-fed lean Plin1 Ϫ/Ϫ mice to understand the molecular mechanisms underlying insulin resistance under Plin1 deficiency. We demonstrate that Plin1 deficiency stimulates pro-inflammatory responses in adipose tissue by secreting pro-inflammatory lipid metabolites, which exacerbate adipose tissue inflammation. Using lipidomics analysis, we found that elevated prostaglandins (PGs) from Plin1 Ϫ/Ϫ adipocytes potentiated monocyte migration. In addition, depletion of ATMs with clodronate alleviated insulin resistance in Plin1-deficient mice, implying that an increase in pro-inflammatory ATMs is one of the major inducers for insulin resistance in Plin1 Ϫ/Ϫ mice. Together, these data suggest that Plin1 is an important protective regulator against adipose tissue inflammation and insulin resistance by restricting futile lipolysis.
Results

CD11b-positive cells are increased in adipose tissue of Plin1 ؊/؊ mice
Plin1 expression is decreased in adipose tissue from insulinresistant animals (28) . Consistent with this finding, the levels of Plin1 mRNA and protein were lower in adipocytes from db/db mice and adipose tissue from high fat diet-fed mice than in those from db/ϩ mice and NCD-fed mice (Fig. 1, A and B) . Nonetheless, it remained unclear how Plin1 deficiency could influence whole-body energy homeostasis. To address this, we investigated various physiological parameters in Plin1 Ϫ/Ϫ mice in C57BL/6J background (24) compared with littermate WT mice (Plin1 ϩ/ϩ ). Under NCD-fed conditions, body weights were not significantly different between Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice (Fig. 1C ). However, inguinal white adipose tissue (iWAT) and epididymal white adipose tissue (eWAT) weights, but neither liver nor brown adipose tissue weights, were lower in Plin1 Ϫ/Ϫ than in Plin1 ϩ/ϩ mice (Fig. 1D ). In addition, serum TG and FFAs, but not cholesterol, were slightly higher in Plin1 Ϫ/Ϫ than in Plin1 ϩ/ϩ mice ( Fig. 1 , E-G). Hematoxylin and eosin (H&E) staining of eWAT revealed that lipid droplets were smaller in size in Plin1 Ϫ/Ϫ than in Plin1 ϩ/ϩ mice (Fig. 1H) . Interestingly, the intensity of CD11b staining in eWAT of NCD-fed Plin1 Ϫ/Ϫ mice was markedly increased (Fig. 1I ), suggesting that Plin1 deficiency might be associated with adipose tissue inflammation in lean animals.
Plin1 deficiency induces macrophage accumulation and adipose tissue inflammation
In adipose tissue, macrophages are one of the abundant cell types and determine the degree of fat tissue inflammation (4, 5) . To investigate whether Plin1 deficiency might be related with adipose tissue inflammation, we examined inflammatory gene expression and macrophage accumulation in eWAT from NCD-fed Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice. As shown in Fig. 2A , Plin1-deficient eWAT had markedly increased mRNA levels of the pro-inflammatory cytokine genes including Mcp-1 and Tnf␣ as well as of the macrophage marker genes such as F4/80 and Cd11c. In addition, serum levels of pro-inflammatory cytokines such as MCP-1 and TNF␣ were induced in Plin1 Ϫ/Ϫ mice (Fig. 2B ). In eWAT of Plin1 Ϫ/Ϫ mice, CD11b ϩ and CD11c ϩ cells were increased ( Fig. 2C ). Also, Plin1 deficiency elevated the percentages of F4/80 ϩ CD11b ϩ (macrophages) and F4/80 ϩ CD11b ϩ CD11c ϩ cells (M1-type macrophages) among stromal vascular cells (SVCs) from eWAT (Fig. 2 , D and E). Total numbers of F4/80 ϩ CD11b ϩ and F4/80 ϩ CD11b ϩ CD11c ϩ cells (Fig. 2 , F and G) were higher in eWAT of Plin1 Ϫ/Ϫ than in that of Plin1 ϩ/ϩ mice. Moreover, the percentage of M1-type CD11c ϩ cells in F4/80 ϩ CD11b ϩ macrophages was higher in Plin1 Ϫ/Ϫ than in Plin1 ϩ/ϩ mice ( Fig. 2H ), whereas the fraction of M2-type CD206 ϩ macrophages in F4/80 ϩ CD11b ϩ cells was lower in Plin1 Ϫ/Ϫ mice ( Fig. 2I ). Collectively, these results suggested that Plin1 might play certain roles in the regulation of adipose tissue inflammation as well as ATM recruitment.
Plin1-deficient adipocytes stimulate monocyte migration and pro-inflammatory cytokine expression in macrophages
In adipose tissue, infiltration of immune cells including monocytes or macrophages and increased pro-inflammatory responses in macrophages are prominent in insulin-resistant animals (29, 30) . To determine whether Plin1 deficiency might be involved in the regulation of monocyte/macrophage migration, conditioned media (CM) obtained from ex vivo cultured eWAT of Plin1 Ϫ/Ϫ and Plin1 ϩ/ϩ mice were incubated with THP-1 monocytes or peritoneal macrophages ( Fig. 3A ). As shown in Fig. 3 , B and C, the degrees of THP-1 and macrophage migration were higher in CM from Plin1 Ϫ/Ϫ eWAT than in CM from Plin1 ϩ/ϩ eWAT. Similarly, stimulatory effects were observed when CM were collected from primary Plin1 Ϫ/Ϫ adipocytes in monocyte migration assays ( Fig. 3 , A and D). Next, we used a Transwell co-culture system to test whether macrophage gene expression might be affected by Plin1 deficiency in eWAT or adipocytes ( Fig. 3E ). Relative mRNA levels of the pro-inflammatory response genes including Il-6, iNOS, and Il-1␤ were stimulated in macrophages when they were indirectly co-cultured with eWAT from Plin1 Ϫ/Ϫ mice ( Fig. 3F ). Primary adipocytes from Plin1 Ϫ/Ϫ mice also promoted the mRNA levels of these factors in macrophages ( Fig. 3G ). However, Plin1 Ϫ/Ϫ macrophages and Plin1 ϩ/ϩ macrophages did not show any difference in inflammatory gene expression ( Fig.  3H ). These results indicated that Plin1 would act as a protective factor against adipose tissue inflammation, at least in part by inhibiting the secretion of certain signaling molecule(s) that 
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promote the expression of pro-inflammatory cytokines and monocyte migration.
In Plin1-deficient adipocytes, enhanced lipolysis promotes monocyte migration
In adipocytes, Plin1 is a key player to modulate lipolysis (24, 27) . To determine whether the inhibitory effect of Plin1 on lipolysis might be associated with monocyte migration, we first examined the effect of Plin1 deficiency on the release of lipolytic metabolites in culture media. As expected, Plin1 Ϫ/Ϫ adipocytes secreted higher amounts of glycerol and FFAs than Plin1 ϩ/ϩ adipocytes (Fig. 4, A and B) . On the other hand, Plin1deficient adipocytes showed little or no effect on MCP-1 secre-tion ( Fig. 4C ). Moreover, to examine whether increased monocyte migration upon Plin1 deficiency depends on secretory proteins from adipocytes, CM from SVC-derived adipocytes was subjected to heat inactivation (31) . Heat-inactivated CM from Plin1 Ϫ/Ϫ adipocytes did not significantly alter the degree of monocyte migration compared with CM from Plin1 Ϫ/Ϫ adipocytes ( Fig. 4D ). These data imply that increased monocyte migration upon Plin1 deficiency might not be associated with secreted chemokines from adipocytes.
To investigate whether enhanced lipolysis in Plin1-deficient adipocytes might be attributable to monocyte migration, two key lipases, Atgl and Hsl, were knocked down via siRNA in SVC-derived adipocytes (Fig. 4 , E and F). Basal lipolysis was Figure 3 . Plin1 ؊/؊ adipocytes enhance monocyte migration and macrophage activation. A, eWAT or primary adipocytes from Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice were incubated with culture medium for 48 h. Collected CM was tested for Transwell culture. THP-1 monocytes were prestained with CellTracker (red), and incubated for 6 h in Transwell plates (8 m pore size) with CM. Peritoneal macrophages were incubated with CM for 6 h, and stained with Hoechst (blue). Migrated monocytes (B) or macrophages (C) upon incubation with eWAT CM were assessed by confocal microscope. Scale bars, 100 m. D, the number of migrated cells upon incubation with primary adipocytes CM was measured. E, peritoneal macrophages were co-cultured with chopped eWAT or primary adipocytes of Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice in Transwell plates (0.4 m pore) for 48 h. Total RNA was isolated from peritoneal macrophages co-cultured with eWAT (F) or primary adipocytes (G) for determining the mRNA levels of Il-6, iNOS, and Il-1␤. H, peritoneal macrophages were treated 17 h with LPS (5 ng/ml) and interferon (IFN) ␥ (100 units/ml) and subjected to qRT-PCR to determine the expression of the indicated inflammatory genes. All data represent the mean Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01 versus Plin1 ϩ/ϩ group by Student's t test. All qRT-PCR data were normalized to the mRNA level of cyclophilin. AD, adipocytes.
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markedly higher in Plin1 Ϫ/Ϫ SVC-derived adipocytes than in Plin1 ϩ/ϩ SVC-derived adipocytes (Fig. 4G ). In Plin1 Ϫ/Ϫ SVCderived adipocytes, knockdown of Atgl and Hsl attenuated basal lipolysis ( Fig. 4G ). Intriguingly, the degree of monocyte migration was lower upon suppression of these lipases ( Fig. 4H ). Together, these results suggested that adipocyte Plin1 would suppress adipose tissue inflammation through repressing basal lipolysis.
Elevated prostaglandins secreted from Plin1 ؊/؊ adipocytes potentiate monocyte migration
Certain lipid metabolites, including leukotriene B 4 , PGD 2 , and PGE 2 , promote monocyte/macrophage migration (18, 32) . To identify potential secreted mediator(s) that can potentiate monocyte migration in adipose tissue of Plin1 Ϫ/Ϫ mice, CM of adipocytes was subjected to lipidomic analysis by nontargeted LC-MS/MS (Table S1 ). The level of eicosanoids appeared to be higher in the CM of Plin1 Ϫ/Ϫ adipocytes than in that of Plin1 ϩ/ϩ adipocytes. We took a targeted lipidomics approach to determine the relative quantity of eicosanoids secreted from adipocytes (Fig. 5A ). The level of PGE 2 was higher in the CM of Plin1 Ϫ/Ϫ adipocytes than in that of Plin1 ϩ/ϩ adipocytes (Fig.  5B ).
Because cyclooxygenase (COX) isoenzymes produce PGs from arachidonic acid (AA) (Fig. 5C ), intracellular AA was examined in adipocytes. As indicated in Fig. 5D , the level of AA appeared to be higher in Plin1 Ϫ/Ϫ than in Plin1 ϩ/ϩ adipocytes.
Eukaryotic COX has two isoforms, Cox1 and Cox2. Although Cox1 is constitutively expressed and is involved in cellular homeostasis, Cox2 is inducible and produces numerous PGs under pathophysiological conditions (33) . To investigate whether Plin1 deficiency might affect COX2 activity, we measured the enzymatic activity of COX from SVC-derived adipocytes. Although total COX activity was higher in Plin1 Ϫ/Ϫ than in Plin1 ϩ/ϩ adipocytes ( Fig. 5F ), suppression of Cox2 via siRNA ( Fig. 5E ) down-regulated total COX activity in Plin1 Ϫ/Ϫ adipocytes and suppressed the degree of monocyte migration (Fig. 5, F and G) . Next, to examine the effect of elevated PGs on monocyte migration, SVC-derived adipocytes were treated with NS398, a COX2-selective inhibitor (Fig. 5H ). As indicated in Fig. 5I , the degree of monocyte migration was mitigated by pharmacological inhibition of COX2 and restored by PGE 2 supplementation in CM. To further investigate how PGs might contribute to adipose tissue inflammation in Plin1 Ϫ/Ϫ mice, we measured intracellular levels of PGE 2 and AA in eWAT from Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice. Although the levels of PGE 2 and AA in eWAT of Plin1 Ϫ/Ϫ mice were increased (Fig. 5, J and K) , the serum PGE 2 level was not altered upon Plin1 deficiency (Fig. 5L ). Moreover, in eWAT of NS398-treated Plin1 Ϫ/Ϫ mice, pro-inflammatory gene expression profiles were significantly down-regulated compared with vehicle-treated Plin1 Ϫ/Ϫ mice (Fig. 5M ). These data proposed that increased PGs released from Plin1 Ϫ/Ϫ adipocytes would stimulate monocyte migration. 
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To determine whether Plin1 deficiency might alter systemic glucose homeostasis, the serum levels of glucose and insulin were measured. Compared with Plin1 ϩ/ϩ mice, Plin1 Ϫ/Ϫ mice exhibited higher fasting glucose and ad libitum insulin concentrations (Fig. 6, A and B) . To investigate whether Plin1 defi-ciency would indeed influence whole-body insulin sensitivity, we performed a glucose tolerance test (GTT) and insulin tolerance test (ITT). Plin1 Ϫ/Ϫ mice were more glucose-intolerant and insulin-insensitive than Plin1 ϩ/ϩ mice (Fig. 6, C and D) . In accordance with these, the homeostatic model assessment-insulin resistance (HOMA-IR) index, a quantitative indicator of insulin resistance, was higher in Plin1 Ϫ/Ϫ mice than Plin1 ϩ/ϩ Roles of Plin1 in adipose tissue inflammation mice (Fig. 6E ). Because NS398 administration reduced adipose tissue inflammation in Plin1 Ϫ/Ϫ mice (Fig. 5) , we further determined whether NS398 might alleviate insulin resistance in Plin1 Ϫ/Ϫ mice. To address this, ITT was performed with vehicle-or NS398-treated Plin1 Ϫ/Ϫ mice. As shown in Fig. 6F , NS398-treated Plin1 Ϫ/Ϫ mice seemed to be less insulin intolerant. These data propose that abnormally up-regulated lipid metabolism would induce adipose tissue inflammation and insulin resistance in Plin1 Ϫ/Ϫ mice.
We also examined whether Plin1 deficiency might modulate insulin signaling cascades in metabolic organs. Insulin-stimulated AKT phosphorylation was lower in adipose tissue of Plin1 Ϫ/Ϫ mice as well as in skeletal muscle of Plin1 Ϫ/Ϫ mice (Fig. 6, G and H) . In contrast, the level of AKT phosphorylation in the liver of Plin1 Ϫ/Ϫ mice was not different from that in Plin1 ϩ/ϩ mice (Fig. 6I ). In addition, intracellular levels of TG and FFAs appeared to be increased in skeletal muscle of Plin1 Ϫ/Ϫ mice but not in liver of Plin1 Ϫ/Ϫ mice compared with Plin1 ϩ/ϩ mice (Fig. 6, J and K) . These results suggested that Plin1 would directly or indirectly influence the insulin signaling cascades, at least, in adipose tissue and skeletal muscle.
Macrophage depletion improves insulin resistance in Plin1 ؊/؊ mice
Given that Plin1 deficiency increased ATM numbers (Fig. 2 ) and induced insulin resistance (Fig. 6 ), we asked whether increased ATMs would be attributable for reduced insulin sensitivity in Plin1 Ϫ/Ϫ mice. Clodronate liposomes successfully deplete phagocytic macrophages in peripheral tissues (34, 35) . In eWAT from both Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice, clodronate treatment decreased the mRNA levels of F4/80 and Cd11c, whereas the mRNA level of Plin1 was not altered (Fig. 7A) . Accordingly, microscopic analysis revealed that ATM accumulation was decreased by clodronate, and the difference in ATM contents between Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice was insignificant ( Fig. 7B ). As shown in Fig. 7 , C and D, clodronate-mediated macrophage depletion improved insulin resistance of Plin1 Ϫ/Ϫ mice to levels comparable with those observed in Plin1 ϩ/ϩ mice. Together, these data suggested that enhanced macrophage recruitment and pro-inflammatory ATMs could mediate impaired insulin sensitivity in Plin1 Ϫ/Ϫ mice.
Discussion
Immune cells are recruited to WAT under conditions that stimulate lipolysis. For instance, after overnight fasting, macro-phage contents in WAT are increased (36, 37) . Activation of adipocyte lipolysis with ␤ 3 -adrenergic agonists increases ATMs (36, 37) . Inhibition of lipolysis by genetic ablation of Atgl prevents recruitment of macrophages to WAT (36, 37) . However, it is not completely understood how lipolytic activation in adipocytes can increase ATMs. In this study, several lines of evidence supported that adipocyte Plin1 represses pro-inflammatory responses in adipose tissue by restricting lipolysis. First, pro-inflammatory cytokine expression was higher in adipose tissues of Plin1 Ϫ/Ϫ than in those of Plin1 ϩ/ϩ mice. Second, macrophage contents were higher in adipose tissue of Plin1 Ϫ/Ϫ mice. Third, Plin1-deficient adipocytes potentiated monocyte recruitment and macrophage activation. Last, suppression of the key lipases Atgl and Hsl in Plin1-deficient adipocytes alleviated monocyte migration, accompanied with reduced basal lipolysis. Furthermore, we observed that orlistat, a lipase inhibitor administration alleviated mRNA levels of macrophage marker genes and pro-inflammatory cytokines in eWAT of Plin1 Ϫ/Ϫ mice (data not shown). Although orlistat primarily inhibits gastric and pancreatic lipases, it has been reported that orlistat represses lipolysis in adipocytes (38 -41) .
Upon metabolic states, adipose tissue secretes adipokines, which affect functional roles in several metabolic organs such as the liver, pancreas, skeletal muscle, brain, and immune system to modulate whole-body energy homeostasis. In obese animals, increased chemokines and inflammatory cytokines secreted from adipose tissue facilitate the recruitment of M1-type macrophages into adipose tissue (7) . MCP-1 is a crucial chemokine for macrophage infiltration into adipose tissue. For example, adipocyte-specific Mcp-1 transgenic mice exhibit increased ATMs and whole-body insulin resistance (42) . It has been demonstrated that several lipid metabolites released from adipocytes or adipose tissue participate in inflammatory cell activation (15, 16, 32, 43, 44) . Eicosanoids produced from adipocytes promote recruitment of immune cells (16, 32) , whereas palmitoleate and palmitic acid-9-hydroxy stearic acid from adipose tissue reduce pro-inflammatory response in immune cells (15, 43, 44) .
By-products of lipolysis, such as FFAs and eicosanoids, can induce adipose tissue inflammation. FFAs can activate pro-inflammatory responses in adipocytes and myeloid cells (17, 45) . FFAs stimulate adipose tissue inflammation through the Tolllike receptor 4 signaling pathway, resulting in insulin resistance (17, 45) . When adipocytes are treated with ␤ 3 -adrenergic ago- 
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nists or forskolin to stimulate lipolysis, lipid metabolites generated from COX are elevated (16, 32) . Administration of ␤ 3 -adrenergic agonist increases macrophage infiltration into WAT, which can be abrogated by COX2 inhibitor (16) . Because Plin1 in adipocytes plays an important role in the regulation of basal lipolysis (24), we assessed whether Plin1 deficiency in adipocytes would change the repertoire of released lipid metabo-lites. The levels of secreted PGs such as PGE 2 were higher in Plin1-deficient adipocytes. Furthermore, we observed that suppression of PG production reduced monocyte migration. These data suggest that lipolytic by-products from Plin1 Ϫ/Ϫ adipocytes could induce monocyte recruitment and macrophage activation to stimulate adipose tissue inflammation. Given that PGs are one of the potential mediators for pro-inflammatory 
responses in Plin1 Ϫ/Ϫ mice, it is plausible to speculate that Plin1 in adipose tissue could play a pivotal role in maintaining immune balance, which might eventually contribute to metabolic homeostasis.
It has been suggested that the Plin family could be associated with inflammatory responses (46 -53) . For example, Plin1 ablation in Ldlr Ϫ/Ϫ mice led to an increase in atherosclerotic lesion area when compared with Ldlr Ϫ/Ϫ mice (46) . In addition, Zou et al. (47) reported that 20-week-old Plin1 Ϫ/Ϫ mice in the 129/ SvEv background developed spontaneous hypertension with perivascular adipose tissue (PVAT) dysfunction. The anti-contractile effect was impaired in PVAT of Plin1 Ϫ/Ϫ mice compared with that of Plin1 ϩ/ϩ mice. Moreover, pro-inflammatory gene expression and macrophage markers of PVAT were upregulated by Plin1 deletion (47) . However, it remains unclear which factors could regulate the inflammatory response in PVAT of Plin1 Ϫ/Ϫ mice. We found that NCD-fed lean Plin1 Ϫ/Ϫ mice showed enhanced adipose tissue inflammation, which would reduce whole-body insulin sensitivity. In adipose tissue of Plin1 Ϫ/Ϫ mice, total macrophages and the CD11c ϩ M1-type macrophage population were elevated. Moreover, it is very likely that certain lipid metabolites secreted from Plin1 Ϫ/Ϫ adipocytes would enhance monocyte recruitment and pro-inflammatory responses in macrophages. Furthermore, macrophage depletion using clodronate restored insulin sensitivity in Plin1 Ϫ/Ϫ mice. Collectively, these data suggest that ATM stimulation by Plin1 deficiency seems to be critical for systemic insulin resistance in Plin1 Ϫ/Ϫ mice (Fig. 8 ). Nevertheless, we cannot exclude the possibility that Plin1 ablation might induce systemic insulin resistance through alternative pathways. For instance, COX2 inhibition ameliorated adipose tissue inflammation ( Fig. 5 ) even though COX2 inhibition did not thoroughly improve insulin resistance in Plin1 Ϫ/Ϫ mice (Fig. 6 ). Furthermore, elevation of circulating TG and FFAs has delete- 
rious effects in non-adipose tissue by inducing lipotoxicity. Impaired insulin signaling reportedly is associated with increased uptake of FFAs into muscle (54) . In this regard, we observed that serum levels of TG and FFAs were elevated in Plin1 Ϫ/Ϫ mice. Moreover, in skeletal muscle of Plin1 Ϫ/Ϫ mice, intracellular TG and FFA levels were slightly higher and insulin signaling pathways were impaired (Fig. 6 ). Thus, it remains to be elucidated whether deteriorated insulin sensitivity in Plin1 Ϫ/Ϫ mice might, at least in part result from lipotoxicity in peripheral tissues.
Several pathological conditions, such as lipodystrophy and cachexia, are closely linked to insulin resistance, lipid dysregulation, and inflammation, accompanied with decreased adiposity (55, 56) . Interestingly, studies on human PLIN1 deficiency have suggested that mutations in PLIN1 could be responsible for autosomal dominant partial lipodystrophy. Gandotra et al. (9) identified two heterozygous frameshift mutations in PLIN1. Both mutations result in insulin resistance, severe dyslipidemia, and partial lipodystrophy (9) . Compared with healthy subjects, adipocyte size is significantly decreased, and macrophage infiltration is elevated in adipose tissues of lipodystrophic patients (9) . We found that lean Plin1 Ϫ/Ϫ mice showed phenotypes similar to those of PLIN1 mutant patients. In particular, Plin1 Ϫ/Ϫ mice exhibited decreased fat mass, dyslipidemia, and insulin resistance, which are common symptoms of lipodystrophic patients. Cachexia is considered a metabolic disorder and is characterized by loss of adipose tissue and skeletal muscle. Adipose tissue loss in cancer cachexia might be partly a consequence of increased lipolysis, and this alteration in lipid metabolism is closely associated with adipose tissue inflammation (57) (58) (59) . These findings raise the possibility that dysregulated lipid metabolism of adipose tissue would affect systemic insulin resistance in lipodystrophic and cachectic subjects. Moreover, metabolically unhealthy lean individuals present impaired insulin sensitivity and exhibit higher serum TG and FFA levels than metabolically healthy lean individuals (60, 61) . Serum lev-els of inflammatory markers including TNF␣, interleukin-6, and MCP-1 are higher in metabolically unhealthy lean subjects than in metabolically healthy lean subjects (62, 63) . However, it is unclear how metabolically unhealthy lean individuals fail to maintain whole-body metabolic homeostasis due to the lack of proper animal models. Therefore, the present data indicate that Plin1 Ϫ/Ϫ mice could be a suitable model to investigate the causality between insulin resistance and adipose tissue inflammation as well as lipid dysregulation in metabolically unhealthy lean subjects.
In conclusion, we identified novel roles of Plin1 in adipose tissue inflammation and insulin sensitivity in lean animals. Our data suggest that Plin1 is a key regulator against adipose tissue inflammation and insulin resistance by restricting lipolysis. Taken together, Plin1-mediated lipid metabolism might be a potential target to treat inflammation-linked metabolic diseases as well as lipid dysregulation.
Experimental procedures
Animals and treatments
The animal study and experimental procedures were approved by the Seoul National University Institutional Animal Care and Use Committee. Plin1 Ϫ/Ϫ mice in a pure C57BL/6 background were obtained from Alan R. Kimmel (National Institutes of Health, Bethesda, MD). Mice were housed under a 12-h light/12-h dark cycle. Heterozygous mice were bred to generate Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ littermates. Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice were maintained on NCD. Nine-to 12-week-old male mice were used for experiments, except where indicated. At 9 -11 weeks of age, Plin1 ϩ/ϩ and Plin1 Ϫ/Ϫ mice were intraperitoneally injected with vehicle (1% DMSO in PBS), NS398 (10 mg/kg of body weight, Cayman Chemical) daily for 8 days. For intraperitoneal GTT, 17-week-old mice were fasted overnight and then administered glucose (1 g/kg of body weight). For ITT, mice were intraperitoneally injected with insulin (0.75 
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unit/kg of body weight). To test insulin signaling in vivo, mice were fasted overnight and killed 15 min after injection of PBS or insulin (0.75 unit/kg body weight). Adipose tissue, skeletal muscle, and liver were isolated and quickly frozen for Western blot analysis. For macrophage depletion, clodronate liposomes (FormuMax Scientific) were intraperitoneally injected once.
Serum profiling
Serum FFA, TG, and cholesterol levels were assessed using FFA (Roche Applied Science), TG (Thermo Fisher Scientific), and cholesterol (Thermo Fisher Scientific) quantification kits. Serum insulin, MCP-1, and TNF␣ levels were measured using insulin (Morinaga Institute of Biological Science Inc.), MCP-1 (Invitrogen), and TNF␣ (Invitrogen) ELISA kits.
Adipose tissue fractionation
Adipose tissue was fractionated as described previously (64) . Briefly, eWAT was dissected out, chopped, incubated in collagenase buffer (0.1 M HEPES, 0.125 M NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 5 mM glucose, 1.5% (w/v) glucose, and 0.1% (w/v) collagenase I) for 20 min at 37°C with shaking, and centrifuged. Supernatants containing adipocytes were used for primary cell culture. Pelleted SVC fractions were used for flow cytometry and SVC-derived adipocyte differentiation.
Flow cytometry
Flow cytometric analysis was performed as described previously (65) . SVC fractions were separated from red blood cells by adding lysis buffer (155 mM NH 4 Cl, 0.1 M Tris-HCl (pH 7.65) (9:1)). SVCs were stained with monoclonal antibodies against CD11b (BD Biosciences), F4/80, CD11c, and CD206 (eBioscience) for macrophage analysis using a FACS Canto II (BD Biosciences).
SVC-derived adipocyte differentiation
Pre-adipocytes were grown to confluence (day 0) in induction medium consisting of Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine serum (FBS), 167 nM insulin, 1 M 3,3Ј,5-triiodo-L-thyronine, 2 M rosiglitazone, 52 M isobutylmethylxanthine, and 1 M dexamethasone. After a 2-day incubation in induction medium, the cells were transferred to differentiation medium (DMEM, 10% FBS, 167 nM insulin, 1 M 3,3Ј,5-triiodo-L-thyronine, and 2 M rosiglitazone), which was changed every other day. For siRNA transfection, differentiated adipocytes were transfected by Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Isolation of peritoneal macrophages
Mice were intraperitoneally injected with sterile thioglycollate solution (3 ml/mouse). After 3 days, peritoneal cells were harvested by washing the peritoneal cavity with PBS. Primary peritoneal macrophages were cultured in DMEM containing 10% FBS to allow the cells to adhere. Nonadherent cells were removed by washing.
Co-culture and CM preparation
Co-culture experiments were conducted as described previously (35) . For indirect co-culture experiments, chopped eWAT or primary adipocytes were placed in the lower chambers of Transwell plates (0.4 m pore size) and co-cultured with peritoneal macrophages in the upper chambers. After 48 h incubation, the macrophages were used for RNA extraction. For CM preparation, chopped eWAT or primary adipocytes were incubated in serum-free DMEM for 48 h and CM was collected. To test THP-1 or peritoneal macrophage migration, Transwell inserts (8 m pore size) were used. THP-1 monocytes or macrophages were loaded in the upper chambers and CM was placed in the lower chambers. After 6 h, the degree of cell migration was determined as the number of cells in the lower chambers.
Global metabolome profiling
Lipids were extracted from CM using conventional procedures (66). A LC-MS system equipped with Ultimate3000 (Dionex), Orbitrap XL (Thermo Fisher Scientific), and reverse phase column (Pursuit 5 200 ϫ 2.0 mm) was used. Mobile phase A was 0.1% formic acid in H 2 O, and mobile phase B was 0.1% formic acid in methanol. The flow rate was 400 l/min and the column temperature was 25°C. Data were analyzed using Seive 2 and MetaboAnalyst. Metabolite features containing m/z and retention time were extracted using Seive 2.2. Data were statistically analyzed using MetaboAnalyst. Metabolite features were identified using METLIN DB with mass accuracy of 10 ppm.
Eicosanoid analysis
Eicosanoids were extracted from CM, cells, and eWAT using solid-phase extraction, as described (67) . A LC-tandem MS system equipped with 1290 HPLC (Agilent), Qtrap 5500 (ABSciex), and reverse phase column (Pursuit 5 200 ϫ 2.0 mm) was used. Mobile phase A was 0.1% acetic acid in H 2 O and mobile phase B was 0.1% acetic acid in acetonitrile/MeOH (84/ 16, v/v). The flow rate was 250 l/min and the column temperature was 25°C. The multiple reaction monitoring mode was used in negative ion mode, and the extracted ion chromatogram corresponding to the specific transition of each analyte was used for quantification. The calibration range for each analyte was 0.1-1000 nM (r 2 Ն 0.99).
COX activity assay and PGE 2 measurement
The COX activity was assayed using a colorimetric assay kit (Cayman Chemical) according to the manufacturer's guidelines. PGE 2 , selective COX2 inhibitor NS398, and PGE 2 ELISA kits were purchased from Cayman Chemical.
Quantitative reverse transcription (qRT)-PCR
Total RNA was isolated from eWAT, macrophages, and SVC-derived adipocytes. cDNA was synthesized using a reverse transcriptase kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Primers used for qRT-PCR were obtained from Bioneer (South Korea).
Western blot analysis
eWAT, skeletal muscle, liver, and SVC-derived adipocytes were lysed with TGN lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% Tween 20, 0.2% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na 3 VO 4 and protease inhib-
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itor mixture from GenDEPOT). Proteins in the lysates were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore). The blots were blocked with 5% nonfat milk and probed with anti-pAKT (S473; Cell Signaling Technology), anti-AKT (BD Bioscience), or anti-PLIN1 (23) .
Statistical analysis
All data were analyzed using Student's t test or analysis of variance (ANOVA) in Excel (Microsoft) or GraphPad Prism; p values of Ͻ0.05 were considered significant.
